Strobilurins are a family of synthetic natural-derived pesticides widely used for 19 fungi control in many crops. As part of a larger research project, a collection of 20 monoclonal antibodies to one of the most relevant strobilurins, i.e. pyraclostrobin, 21 has been generated using functionalized haptens with the spacer arm located at 22 different sites. The toxophore aliphatic moiety, as observed with other strobilurins, 23 and the planar aromatic two-ring system characteristic of this molecule were 24 revealed as the best tethering sites for high-affinity monoclonal antibody 25 production. A central derivatization position did not generate a good immune 26
Introduction 56
Strobilurins are a relatively new family of pesticides used to fight major fungal 57 liquid extraction followed by liquid chromatography coupled to a diode array 79 detector. Continuous efforts have been put during the last decades to develop 80 novel techniques for rapid, cheap, and environmental-friendly chemical residue 81 analysis in food. Recently, a breakthrough has occurred in the field of pesticide 82 residue analysis with the development of the QuEChERS (acronym for Quick, 83
Easy, Cheap, Effective, Rugged, and Safe) extraction methodology. It is a highly 84 beneficial approach that simplifies the analysis of pesticide residues in fruit, 85 vegetables, cereals, and processed products thereof. It was first published by 86 tributylamine and isobutyl chloroformiate during 1 h at room temperature. Next, a 149 fraction of that mixture containing 0.9, 4.5, or 9.0 µmol of activated hapten was 150 diluted to 100 µL with DMF and added to 30 mg of OVA in 2 mL of 50 mM 151 carbonate buffer, pH 9.6. Conjugation was kept during 2.5 h at room temperature 152 and the conjugate was purified by gel filtration with Sephadex G-25 using PB (100 153 mM sodium phosphate, pH 7.4) as eluent. MRs of the purified conjugates were 154 calculated by differential absorbance as previously described (Suárez-Pantaleón, 155
Mercader, Agulló, Abad-Somovilla, & Abad-Fuentes, 2008). 156
Antibody generation 157
Novel mAbs for pyraclostrobin were produced from mice immunized with BSA-158
PYa6 and BSA-PYs5. Eight BALB/c female mice were immunized (four animals 159 with each conjugate) by intraperitoneal injections. Standard immunization, cell 160 fusion, hybridoma cloning, and antibody purification procedures were followed 161 (Mercader & Abad-Fuentes, 2009 ). Hybridoma screenings were conducted by a 162 two-step strategy for better clone selection as previously described for mAb 163 production with BSA-PYo5 as immunogen (Mercader, 
Antibody-coated direct competitive ELISAs 177
Antibodies were immobilized onto polystyrene 96-well plates. Coating was 178 performed with 100 µL per well of a 1 µg/mL mAb solution in coating buffer (50 mM 179 sodium carbonate-bicarbonate buffer, pH 9.6) and overnight incubation at room 180 NaCl was used to achieve the established ionic strength for every buffer. Finally, 226
Tween 20 was added to all buffers to a final concentration of 0.05% (v/v). 227
Pyraclostrobin standard curves were prepared in water and mixed as described 228 above with tracer or antibody solutions prepared in every of the studied buffers. 
Results and discussion 247

Antibody and conjugate selection 248
Previous studies using three pyraclostrobin mimicking haptens with alternative 249 linker tethering sites identified hapten PYs5 as a superior derivative for the 250 generation of high-affinity anti-pyraclostrobin rabbit polyclonal antibodies, whereas 251
PYa6 was shown to be clearly deficient (Mercader, Agulló, Abad-Somovilla, & 252
Abad-Fuentes, 2011). To further confirm this result, mice were immunized with 253 BSA conjugates of haptens PYa6 and PYs5, and cell fusions were carried out with 254 the best responding mouse from each group of immunized animals. 255
Splenocytes from PYa6-immunized mice afforded four hybridomas whose culture 256 supernatants gave positive binding to OVA-PYa6, but only a slight or no 257 recognition of the free analyte was observed as judged by the poor inhibition 258 exhibited in competitive experiments in the presence of 50 nM pyraclostrobin. This 259 result confirms the low capacity of PYa6 to generate high-affinity antibodies to 260 pyraclostrobin, as previously observed with rabbit polyclonals. On the contrary, six 261
PYs5-derived hybridoma culture supernatants displayed almost complete inhibition 262 in the presence of 10 nM pyraclostrobin. Those six promising candidates werefurther cloned and expanded, and the mAb was purified from culture supernatants, 264 all of them being of the IgG 1 isotype with κ light chains. Purified antibodies were 265 evaluated by checkerboard cELISA with direct and indirect formats using 266 homologous and the two described site-heterologous conjugates. At this point of 267 the study and in order to develop an immunoassay with a sensitivity as high as 268 possible for pyraclostrobin, a set of four mAbs previously produced in our lab were 269 also incorporated to this study (Mercader, Again, the most sensitive assay was achieved with a PYs5-type antibody. 296
Overall, these results indicate that both, the planar two-ring system characteristic 297 of pyraclostrobin and the toxophore methoxycarbamate moiety were adequate 298 linker tethering sites for antibody production. However, the slightly better 299 performance of PYs5-type antibodies could be explained by the presence of the 300 
Specificity evaluation 318
Selectivity of the 10 mAbs was assessed by i-cELISA using the homologous 319 conjugate. The main strobilurins and a series of fungicides commonly used in fruit 320 crops were employed as competitors; namely, azoxystrobin, kresoxim-methyl, 321 picoxystrobin, trifloxystrobin, dimoxystrobin, orysastrobin, famoxadone, 322 fenamidone, boscalid, fludioxonil, and cyazofamid. No inhibition was observed up 323 to 1 µM of competing analyte with any of the mAbs. In addition, competitive 324 immunoassays were performed with 1-(4-chlorophenyl)-1H-pyrazol-3-ol, which is a 325 metabolite of pyraclostrobin (Declercq, 2005) . This molecule was synthesized in 326 our lab and holds only the planar two-ring aromatic system characteristic of this 327 strobilurin fungicide (Table 1) . Interestingly, PYo5-type antibodies recognized the 328 metabolite (CR values were between 0.3 and 1.3%) somewhat better than PYs5-329 type antibodies (CR values were below 0.04%). Overall, these results show that 330 both groups of antibodies were highly selective of pyraclostrobin, exhibiting low 331 binding to the metabolite, and that the observed CR differences reflect the principle 332 that those moieties located distal from the hapten derivatization site have a greater 333 contribution to the interaction between the antibody and the antigen.
Immunoassay characterization 335
Direct and indirect competitive assays were characterized and optimized using 336 mAb PYs5#11 and the homologous conjugate. Immunoreagent concentrations 337 were selected in order to achieve inhibition curves with A max values around 1.0. 338 First, the optimum MR of OVA-PYs5 conjugate for i-cELISAs was determined. The standard curves of the optimized cELISAs can be seen in the figure inside 368 Table 2 , in which the main analytical parameters of both assays are summarized. 369
Finally, these immunoassays were applied to the analysis of extracts of marmalade 370 samples. 371
Food analysis 372
An adaptation of the QuEChERS extraction procedure was applied before the 373 analysis of pyraclostrobin. Fruit jam samples were homogenized, extracted with 374 acetonitrile using citrate as buffer, and cleaned-up with PSA. Then, extracts were 375 diluted in water and analyzed by the developed cELISAs. Fairly low matrix effects 376 were observed for the six studied marmalades in both immunoassays ( Fig. S3 and 377
Fig. S4 in the Supplementary Data). Extracts were fortified at relevant levels 378
attending to legal tolerance values and they were diluted 1/300 in water in order to 379 enter into the working range of the standard curve. Recoveries were evaluated bythree independent determinations of the extracts with the optimized cELISAs using 381 a pyraclostrobin standard curve prepared in acetonitrile and also diluted 1/300 in 382 water. As seen in Table 3 , both immunoassays could accurately and precisely 383 measure pyraclostrobin in different fruit marmalades covering regular MRLs for the 384 concerned fruits (200-2000 µg/kg). 385
In conclusion, a collection of mAbs to pyraclostrobin has been prepared using 386 immunizing haptens with alternative linker positions. The importance of the 387 tethering site was revealed not only for high-affinity antibody production but also for 388 heterologous hapten preparation. Moreover, novel immunoassays have been 389 deeply studied using the two main cELISA formats. The analytical properties of 390 both assays were equivalent, though the direct format is much quicker. Ionic 391 strength, pH, and solvent contents were optimized. For sample extraction, a 392
QuEChERS approach was applied to six different fruit marmalades. The developed 393
mAb-based assays were demonstrated to be suitable for pyraclostrobin 394 quantification in such processed food products. QuEChERS and cELISA together 395 constitute an attractive strategy for rapid, cheap, and clean pyraclostrobin residue 396 analysis in foodstuffs. 397
We thank Laura López-Sánchez and Ana Izquierdo-Gil for excellent technical 403 assistance. 404
Appendix. Supplementary material 405
Supplementary data associated to this article can be found, in the online 406 version, at doi: Table 3 Recovery values from spiked fruit marmalade extracts using the two developed cELISAs.
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